In spite of the large number of micropuncture studies which have appeared in the literature during the last 15 yr, it has not yet been established whether or not the transport properties characteristic of the different segments of the tubules are uniformly present along their full length. More generally, it is not even known precisely where the main functions of the kidney tubules are located and how they are distributed. This statement holds especially for the distal tubule and the cortical collecting system. Thus, the physiologists using micropuncture techniques define as "distal convoluted tubule" (DCT) the portions of the nephron included between the macula densa (MD) and the first branching with another tubule. Although widely accepted, such a definition is justified neither by embryological criteria nor by histological criteria; as recently reported by Woodhall and Tisher [1] , DCT contains portions which exhibit a different sensitivity to vasopressin. In fact, the precise segmentation which might exist along the late portions of the nephron is not only poorly understood functionally, but histologically as well [2] . The initial and terminal portions of DCT contain cells of different types [3] [4] [5] ; but as Grantham wrote recently, "That which is left in between may possess unique powers to be discovered by future investigators" [6] . It remains to be established whether or not functional subdivisions correspond to this histological heterogeneity.
One way to approach such a problem would be to combine the facilities of microdissection techniques with those of appropriate biochemical methods, i.e., to associate precise anatomical identifications with the presence of specific enzymes of functional importance. In this respect, adenylate cyclase (AC) activity would represent an excellent index of physiological function, since it is well-established that many hormones such as vasopressin (AVP) [7] [8] [9] , parathyroid hormone (PTH) [9, 10] and calcitonin (TCT) [11, 12] exert their actions on the kidney by stimulating the adenylate cyclase activity contained in their respective target structures. We have recently [13] developped a micromethod leading to the determination of AC activities contained in single pieces of tubule (less than 1 mm in length) isolated by microdissection from collagenase-treated rabbit kidneys. Using this technique, we examined the sensitivity of this enzyme to vasopressin [14] and to PTH [15] in various segments of the nephron. In the course of these studies, we noted under stereomicroscopic observation that both distal convoluted tubules and cortical collecting tubules were of nonuniform appearance and presented definite portions bearing different morphological aspects.
In the present paper, we report how PTH-, AVP-, and isoproterenol-sensitive AC activities are respectively distributed along these structures, which were subdivided and sampled according to their morphological segmentation.
Methods
Preparation of single tubule samples. Kidneys were removed from pentobarbital (Nembutal )-anesthetized young New Zealand rabbits (weighing about 1.5 kg), immersed in ice-cold "microdissection" solution and perfused via the renal artery with 15 ml of cold "collagenase" solution. The renal vein was then ligated and about 10 additional ml of the same solution was again perfused up to the point of rupture of the kidney capsule. Pieces of tissue were then sliced along the corticomedullary axis of the kidney; these pieces were incubated for 45 to 55 mm at 35°C in aerated collagenase solution. At the end of this maceration step, they were rapidly washed out and transferred into a large volume of ice-cold microdissection solution.
The microdissection step was performed by hand under stereomicroscopic observation, with the help of thin steel needles, in ice-cold solution. Distal structures were isolated from the surrounding tubules by careful microdissection of both superficial and deeper cortex; complete distal convoluted tubules (DCT) only were selected for the present study, i.e., continuous structures beginning before or at the macula densa (MD) and including a part of the cortical collecting tubules (CCT) to which they were branched. When possible, very long portions of CCT were isolated together with several complete DCT attached to each of them. In some cases, these whole structures were photographed before being sectioned into a sequence of successive portions for biochemical measurements (examples of such microdissected structures are given in Figs. 2-4 ).
Under stereomicroscopic observation, neither DCT nor CCT were of uniform appearance along their full length; on the contrary, as will be detailed in Results, successive portions could be distinguished, each of a different and typical aspect. They drew a constant feature, although the bounds between these successive portions were not always easily visible. Contrasts between the portions varied to some extent from kidney to kidney and were likely to depend on the duration of the maceration step or on the batch of collagenase used, or both.
Each isolated complete DCT was finally subdivided into two to four pieces by sectioning the structure at the site where transitions between two successive portions were suggested by stereomicroscopic observation. In many cases, a given portion, when long enough, was further divided into a pair of samples. The length of the single pieces of tubule prepared from DCT generally ranged from 0.25 to 0.6 mm.
The microdissected cortical collecting systems were first cleaned by cutting off the distal tubules branched to them; then they were sectioned into successive pieces (0.5 to 0.7 mm each), one of these sections being performed at the level of the transition between the two portions contained in this structure.
A deny/ate cyclase activity measurements. Each single fragment prepared as described above was aspirated together with a small volume of solution into a narrow plastic tube and transferred on to a sunken bacteriological glass slide. A photograph of each tubule sample was taken, in order to measure its length. The samples were then prepared for adenylate cyclase (AC) activity determination as previously described [13] . The main steps of the procedure included (a) preincubation of the samples in 0.5 tl of "hypoosmotic" solution (containing the hormone when required) for 30 mm at 0°C; (b) freezing of the sample by brief contact of the glass slide with dry ice (steps a and b ensured permeabilization of the tubular sample to nucleotides); (c) incubation (30 mm at 30°C) was started by adding 2 tl of "incubation" solution to each sample; (d) incubation was terminated by adding 150 l of "filtration" solution and by filtering the mixture through an aluminum oxide column, according to the method of Ramachandran and Lee [16] . This method is known to allow the complete separation of the 32P-cAMP formed during the incubation from its a-32P-ATP precursor, which is entirely retained; the yield of 32P-cAMP recovery was measured in each sample by adding 3H-cAMP as a tracer to the filtration solution. The radioactivity of the column effluent was measured by liquid scintillation in Bray's solution [17] under appropriate discrimination conditions. All vials were counted two or three times for ten minutes; 3H-cAMP filtration recovery generally ranged from 50 to 80%. Ten fentomoles of 32P-cAMP had a radioactivity about equal to that of the blank samples and could therefore be easily detected; this high sensitivity was achievd by using high specific activity a-32P-ATP in a small incubation volume. The results were expressed as fentomoles (l015M) of cAMP formed per mm of tubular length, per 30 mm of incubation time. We have previously reported [13] that, under the conditions used here, (1) the amount ofcAMP formed in 30 mm increased proportionally to the length of the tubular segment used and (2) the amount of cAMP formed per mm of tubule increased proportionally to the duration of incubation up to 60 mm; these controls were performed on both PTH-stimulated proximal tubules and AVPstimulated collecting tubules. The high correlation obtained between sample lengths and AC activities validates the mode adopted for calculating the results. As discussed before [13] , reference to the unit of tubular length for expressing AC activity is as reliable as reference to protein content; as a matter of fact, the samples were too small to allow protein content measurements.
In the present study, the successive pieces of tubule sectioned from a given structure were all treated under the same hormonal conditions, in order to allow comparisons between adjacent portions. Hormone The "filtration" solution contained as follows:
AlP, 3.3 mM; cAMP, 5 mri including tracer amounts of 3H-cAMP; Tris HC1, 50 mM; pH 7.6.
Hormones and compounds used. The PTH was the synthetic 1-34 fragment of bovine PTH (Beckman, 1200 U/mg). Purified AVP [20] was kindly furnished by Dr. T. Barth. Isoproterenol was obtained as L-isoproterenol-D bitartrate from Sigma. a-32P-ATP was obtained from CEA, Saclay, sodium salt, RAS 1.7 to 2 Ci/mM; 3H-cAMP from CEA Saclay, RAS 21 Ci/mM. Collagenase was from Clostridium histolyticum (Sigma, type 1). The other compounds were of A grade as specified in [19] .
Results
Anatomical data. When distal convoluted tubules (DCT) and cortical collecting tubules (CCT) are microdissected from collagenase-treated rabbit kidneys, these two structures present a heterogeneous appearance, as already mentioned [13, 15] . 1) Collecting tubule. The general organization of a collecting system receiving ten distal convoluted tubules is schematically represented in Fig. 1 . In this figure, five distal tubules mainly located in the deep and middle cortex form an arcade; the corresponding CAL: cortical thick ascending limb of the loop; MD: macula densa; DCT: distal convoluted tubule, which may include four portions: a, the ascending limb portion; b, the "bright" portion; g, the "granular" portion; and I, the "light" portion. CCI: cortical collecting tubule, including a "granular" portion, CCTg, and a "light" portion, CCII. (The "granular" portion of these structures is drawn in black on the figure and the "light" portion is dashed.) Three types of DCT may be defined: I) those ending with a DCTg portion branched to a CCTg portion; 2) those ending with a DCTg portion branched to the CCTI portion; 3) those ending with a DCII portion (they are always branched to the CCII portion).
portion of the collecting system (the arch) is of a granular appearance (drawn in black in Fig. 1 ) and it runs in the direction of the superficial cortex. This "granular" portion of the collecting tubule (CCTg) 2) Distal convoluted tubule. If the distal convoluted tubule (DCT) is defined as the segment of the nephron beginning at the macula densa (MD) and ending at the first branching with another tubule, then it may include three or four successively distinct portions:
The first portion of the distal tubule (DCTa) includes the MD and the segment immediately connected to it, and it has a narrow diameter and an appearance similar to those of the cortical portion of the thick ascending limb (CAL) located before the MD. This tubular segment is generally very short (about 0.1 mm) or even absent although it is occasionally up to 0.5 mm in length.
The second portion has a medium diameter, is tortuous and of a characteristic brilliant and "bright" appearance; it was called DCTb accordingly; this portion is of a relatively constant length.
The third portion, called the DCTg, has a larger diameter and exhibits under stereomicroscopic observation a granular appearance similar to that of CCTg; this portion it always present but its length is relatively variable from one DCT to another (from 0.2 to 0.8 mm).
Finally, in a small percentage of DCT, a fourth portion of highly variable length can be observed; this portion is of a "light" appearance (DCT1) and it resembles a light collecting tubule of narrow diameter. Examples depicting DCT are given in Fig. 2 and 4.
Three types of DCT may be distinguished depending on the CCT portion to which they are branched The average length of complete DCT of the different types, as well as that of their different portions as they were sectioned for enzymatic measurements are given in Table 1 . It should be emphasized that DCTa were isolated (together with the MD) only from DCT in which they were well-developped; the values given in Table 1 , therefore, certainly overestimate the average DCTa length of the whole DCT population. When DCTa were very short or could not be observed, the structures were cut either before or after the MD and the small DCTa portion, which eventually was present, was thus included in the DCTb samples. Figure 2 shows three photographed microdissected (23) aThis table gives as mean values so the length of the different DCT portions as measured in the samples prepared for AC activity determinations. The complete DCT length was calculated for each tubule from the respective length of its successive portions, The numbers of measured structures are in brackets. Note that DCTa samples were only prepared from DCT exhibiting a well-developed DCTa portion; as a consequence, the average length of this portion in the whole DCT population is obviously much shorter than the figure given in the table.
DCT depicting each of the three types as defined above. Figure 3 shows, as an example, a microdissected DCT of type 2 with a well-developped DCTa portion, as well as the different fragments which were isolated for enzymatic determinations. Figure 4 shows a microdissected arcade including four DCT of type 1, as well as the different samples which were prepared from this structure.
Biochemical data. About 120 complete DCT together with corresponding collecting structures were microdissected from 18 collagenase-treated rabbit kidneys; the successive portions of these structures were sectioned according to the above-mentioned morphological criteria, and the respective adenylate cyclase (AC) activities were measured in all samples Before presenting in detail the data which were obtained, it must be stressed that a wide range of variation was noted when individual values obtained for the same portion from different nephrons were compared; this was obvious for the control activities which were not much above background, especially with the samples of a short length; but, in addition to technical reasons, other sources of variations were probably also present such as differences among animals or among tubules of the same kidney. In any cortical collecting structure microdissected with four complete distal convoluted tubules attached. The right-hand figure depicts in a schematic way the 11 samples which were prepared from this structure. Dotted lines refer to the tubular portions which were not used. Samples 1 3, 5 and 7 correspond to the "bright" portion of the four DCT; samples 2, 4, 6 and 8 correspond to the "granular" portion of these DCT; samples 9 and 10 correspond to the "granular" portion of cortical collecting tubule and sample 11 corresponds to its "light" portion. Note that none of these four DCT include a visible DCTa portion. The conditions used to measure AC activities in these 11 samples, as well as the results obtained, are given in Table 2. case, the tested hormones produced such huge specific AC stimulation in well-defined portions that the results were quite clear in spite of the scatter of the data. Table 2 gives the individual results obtained for the 11 samples prepared from the dissected arcade shown by Fig. 4 . The two portions of the four DCI contained in this structure were, respectively, measured under control, isoproterenol, fluoride and AVP conditions; the collecting tubule samples received AVP. The detailed results for a series of sequences corresponding to the different conditions used and to the different types of DCT were given as typical examples in Table 3. Tables 4 and 5 REach sample number shown in the right side of Fig. 4 is reported in brackets in this table. Note that DCTg responded to isoproterenol (Iso) and that CCTI responded to AVP (vasopressin). We have previously reported the presence of fluoride-sensitive AC in different segments of the rabbit nephron, including whole DCT and cortical collecting tubule samples [13] ; the mean values obtained with 5 X 10-3M NaF were (fmoles/mm/30 mm): CAL, 301; DCT (whole structure), 1091; CCT, 765 and 567 for the branched and the light portions, respectively. DCT exhibited the highest NaF activity among the tested segments. Since DCT is an heterogeneous structure, it appeared necessary to check if its two main portions (DCTb and DCTg) both contain very high and similar NaF-sensitive AC activities. Tables 2 and 4 show that they both did. In cThis example corresponds to the structure shown on Fig. 3 . addition, Table 4 shows that NaF activity in DCTI was similar to that previously measured in CCTI, and that CAL led to comparable values in the two sets of experiments. PTH-sensitive AC activities. A reproducible pattern shown by several examples in Table 3 and by mean values in Table 4 was obtained with PTH. Highly significant stimulations of AC activities were observed in the following portions: DCTa, DCTg and CCTg. The increase in cAMP generation due to PTH was more than 300 fmoles/mm in those portions, and the stimulated over control activity ratio amounted to 6 or plus. On the contrary, very limited responses were obtained in DCTb, DCT1 and CCT1 (mean increase in cAMP generation, less than 25 fmoles/mm; stimulated over control activity ratio, less than 1 .6). We previously reported [15] that the cortical portion of the thick ascending limb (CAL), ending at the MD, contained PTH-sensitive AC activity (mean increase in cAMP generation, 120 fmoles/mm/30 mm; stimulated over control activity ratio, 15.4). Since the first DCT portion (DCTa) is of a similar appearance as CAL, one could expect it to be sensitive to PTH. In absolute value, nonetheless, DCTa mean response (336 fmoles/mm in excess over the controls) was about threefold that previously reported for CAL. A fraction of this difference could be accounted for by the presence of the MD in the DCTa samples. This was also suggested by the results obtained in the PTH-stimulated DCTb samples. In the first experiments we performed, the DCTb portion from distal tubules without a distinct DCTa portion was sectioned with the MD included; ten samples of such DCTb had a mean PTH-stimulated activity equal to 134 fmoles/mm (average length, 0.51 mm) whereas those sectioned without MD and DCTa portion (see Table 4 As compared to the response elicited in DCTa, PTH effects in DCTg and CCTg (see Table 5 ) were greater when expressed as absolute increases in cAMP production, but lower when expressed as stimulation factors, as a result of the high control activities measured in these two portions. (Tables 4 and 5) : DCTa, DCTb, DCTg and CCTg; the same holds for the isolated MD (Table 6); in all these portions, the increase in cAMP production due to vasopressin was similar to or lower than the corresponding control activity (stimulation factor < 2). In contrast, very high responses both in absolute value (mean increase in cAMP generation, 659 and 687 fmoles/mm) and in relative value (mean stimulation factors of 12.6 and 15.3) were observed in the light segments of distal tubule (DCTI) and of the collecting tubule (CCT1), respectively.
Although much lower than that obtained in CCT1, the AVP effect on CCTg was not negligible, especially in terms of absolute value; it appeared, therefore, necessary to check whether this limited but statistically significant (P < 0.001) CCTg response resulted from a nonspecific effect due to the large AVP concentration used, or if it could correspond to a physiological action. An additional experiment was therefore performed, in which the effects of both 109M and 10-6M AVP were tested on a series of CCTg and CCTI samples isolated from the same cortical trees; the results are given in Table 7 . It is clear from this table that the lower AVP concentration stimulated AC activity in CCT1 (although not maximally), whereas it produced no statistically significant effect in CCTg. This observation suggests that the effect produced in CCTg by the 105M AVP concentration might be of poor physiological significance (see Discussion). Isoproterenol-sensitive AC activities. We did not investigate the effect of isoproterenol on as many sequences of successive samples as for the effects of PTH and AVP, since we report elsewhere [21, 22] the presence of AC activity coupled to beta-adrenergic receptor stimulation in various segments sectioned Table 7 . Vasopressin-sensitive adenylate cyclase activity along the cortical collecting tubulea according to the same criteria as those used in the present study. Tables 4 and 5 confirm these previous observations and show that 10-6M isoproterenol stimulated about fivefold AC contained in the DCTg, CCTg and CCT1. No comparable effect was observed in the DCTb. DCT1 response was not tested. It must be noted that isoproterenol effects on DCTg and CCTg were slightly of a lower amplitude than those elicited by PTH on the same portions (Table 5) ; the isoproterenol effect on CCT1 was definitely lower (about threefold) than that induced by AVP.
Discussion
Measurement of hormone-dependent adenylate cyclase activity contained in isolated tubular segments obviously represents a highly specific and sensitive index for checking in vitro functional differences, insofar as definite requirements are fulfilled. In the present experiments, only large hormonal effects were considered to be physiologically significant. Responses of limited magnitude, even when statistically significant, remain difficult to interpret since they could result from (1) nonspecific AC activation due to the large hormonal concentrations used, (2) sample contaminations of the nonresponsive segments with small portions of adjacent responsive segments, or (3) physiological effects restricted to a small fraction of the cells present in the segment used, if it has a heterogeneous cellular composition. In addition, the observed pattern of AC response to hormones can be considered of physiological interest only if the experimental conditions used, and in particular the collagenase pretreatment of the kidney tissue, did not alter the enzyme responsiveness which was prevailing in vivo. The following indirect evidence supports this assumption: (a) By using the same technique as in the present paper, we observed previously [15] that the sensitivity of the isolated proximal tubule to PTH was about two orders of magnitude greater than that reported in the literature for kidney cortex homogenates without collagenase treatment. (b) We also observed [14] that the AVP concentration which induced threshold stimulation of the AC contained in isolated collagenase-treated rabbit cortical collecting tubules was of the same order of magnitude as that reported by Grantham and Burg [26] to induce an increase in water permeability on the same structure perfused in vitro without collagenase pretreatment.
The clear-cut differences noted among the various segments and hormones tested demonstrate that the approach used in this study allowed accurate localizations of the sites along the nephron where a given hormone interacts with specific receptors coupled to AC activity; but the method, of course, does not tell us anything about the nature of the physiological effects which might be elicited by this hormone in the responsive segments via an increase in cAMP generation.
In the rabbit kidney, the so-called distal convoluted tubule may contain up to four different portions, as judged on both morphological and enzymatic criteria. From the observed pattern of hormone-dependent AC activity, these four portions may be characterized as follows: (a) The very first portion (DCTa), located immediately after the MD, has an appearance and a diameter resembling those of the CAL located before the MD; it contains AC activity highly stimulated by PTH, but poorly sensitive to AVP and nearly insensitive to isoproterenol. Consequently, the distal convoluted tubule, i.e., the nephron segment beginning at the MD and ending at the first branching with another tubule, can no longer be regarded as a single and well-defined structure, inasmuch as physiological properties are concerned. Different hormonal controls among the four successive portions are most likely related to differences in functioning or in transport properties or both. This might be of importance for interpreting the data obtained from distal micropuncture studies.
On the other hand, if one accepts the definition that two connected structures of a same morphological appearance and exhibiting the same pattern of hormonal AC sensitivity constitute a single functional segment, then the analysis of the abovereported results suggests that three out of the four different DCT portions actually are only parts of larger functional units, i.e., functional segments extending beyond the limits of DCI.
It thus appears that the only functional segment specific to the distal convolution is DCTb; in the rabbit, it represents about one-half of the DCT entire length, and even less in some long tubules. Whereas (1) DCTa is the terminal part of the CAL segment, i.e., a short CAL portion located just distally to the MD, (2) DCIg and CCTg (when present) are always in anatomical continuity and are likely to together constitute a single functional segment; such a segment might correspond to the "connecting tubule" as defined by embryologists [23, 24] ; its anatomical extension, either limited to the distal tubule (DCI of types 2 and 3) or including the adjacent collecting tubule (DCT of type 1) is apparently determined by ontogenic factors; this is supported by the observation that DCI of types 2 and 3 are located in the superficial cortex and, therefore, should correspond to relatively lately grown nephrons, whereas This general picture brings a new insight to some of the results we previously reported using PTH [15] and AVP [14] ; we employed the same microenzymatic method as in the present paper, but the samples of distal and collecting tubules were sectioned and isolated according to other criteria. On one hand, entire DCI samples were prepared, i.e., samples including DCTb, DCIg and, if present, DCTI portions; such samples were observed to respond to PTH in a reproducible way, but the maximal stimulation ratio achieved was far less than that in the proximal tubule or in CAL, so that it could not be unequivocally concluded that DCI was a physiological target structure to PTH. The present study establishes that this lower response resulted from the presence of the PTH-nonresponsive DCTb portion in the samples; in addition, it establishes that DCTa and DCTg, but not DCTb and DCTI, are actually target structures of PTH action, since these portions exhibited high responses. The AVP data [14] were rather puzzling, since in most of the whole DCT samples no significant AVP effect could be noted, whereas in a few others, AVP elicited a clear-cut, although variable, response. Since DCI!, the only highly AVPsensitive DCT portion, is present in only a fraction of the DCT population, these earlier observations can easily be accounted for a posteriori. In the same previous studies, on the other hand, two types of collecting tubule samples were prepared: the portions in which many branchings were present were called "branched" collecting tubules (BCT) and the straight cortical portions without branching were called CCT. The latter portions corresponded to CCT1 as defined in the present paper and responded to hormones as observed here (no PTH effect, large AVP response).
On the contrary, the branched samples certainly contained in variable and unknown proportion, both
CCTg and superficial branched parts of CCT1 (refer to Fig. 1) ; this might explain why such mixed BCT samples were observed to respond to both AVP and PTH, and why the scatter in the hormonal effect was large. It can be concluded that the presence or absence of branching cannot be used as a valuable criterion corresponding to the functional subdivisions which are present along the cortical collecting system. It seems clear now that a PTH-dependent AC is present all along the granular portion (CCTg) of the cortical collecting tubule, and absent from its light portion (CCT1). The reverse situation holds for AVP, since AVP elicited high adenylate cyclase stimulation in CCTI only ( Table 3 ). The limited AVP response obtained in CCTg calls for some comment. Table 5 shows that l0-6M AVP induced an about twofold stimulation of CCTg adenyl cyclase activity (P < 0.001); comparable stimulation factors were also observed in other tubular segments in this study (DCTb), as it was in the proximal convoluted tubule (PCT), for example [14] ; in addition, (Table 7), the CCTg response was no longer present when l0-9M was used as AVP concentration, an observation suggesting that the small effect observed with the l06M concentration could be of limited physiological significance. When expressed in terms of increase in cAMP formed, however, the CCTg response to 106M AVP was far from negligible (Table 5 ) as compared to that measured in the other "nonresponsive" segments [14] . The presence of different hormone-sensitive AC activities in well-defined portions of distal tubules samples were justified and might correspond to functionàl subdivisions of physiological importance. It must be stressed, however, that these criteria remained rather crude and could not always be recognized very distinctly; the rough differences in appearance we have reported remain to be substantiated by careful analysis at the electron microscopic level. It may well be that no abrupt, but only progressive transitions are present between successive segments. Also, it may well be, as already discussed, that some of the above-defined segments are still functionally heterogeneous or contain several cell types with different hormonal sensitivities. This might be true for the granular segment, for example, since we observed that the maximal effects elicited by PTH and isoproterenol on DCTg were additive when the two hormones were given together [22] . The above-mentioned small effect induced by AVP on CCTg could be accounted for by cell heterogeneity.
Addendum
The writing of this manuscript was completed when the in vitro rabbit DCT microperfusion study by Gross, Imai and Kokko [33] appeared in the literature; these authors present direct functional evidence demonstrating that the permeability to water of the early portions of the rabbit DCT is not affected by vasopressin. These new data are quite in agreement with those reported by Woodhall and Tisher [1] as well as with those reported herein.
